. a, Schematic illustration of the in situ TEM measurement geometry. The wedge-like LSMO/STO specimen is mounted on a half Cu TEM grid. The LSMO side of the sample is contacted by a piezo-controlled metal tip. Silver paste is used to make electrical contacts between the conducting STO substrate and the Cu grid. During the switching experiments, the tip is grounded, and triangular voltage pulses are applied to the TEM grid. b, Picture of the in situ TEM probing holder.
Supplementary Note 1. STEM-EELS analysis
The initial perovskite structure, brownmillerite lattice, and third phase of the LSMO film were characterized using STEM-EELS. The O K edge fine structure in EELS spectra provides information on excitations from O 1s electrons to 2p bands. The pre-peak of the LSMO O K edge correlates with the occupation of the Mn 3d band, providing information on the oxidation state of Mn ions. A drop in the pre-peak intensity and a shift towards higher energy losses indicate an increase in oxygen vacancy concentration [1] [2] [3] . Supplementary Figure 3a depicts STEM-EELS spectra for the different structural phases of LSMO. The pre-peak of the O K edge is reduced for the brownmillerite structure (both horizontal and vertical) in comparison to the EELS spectrum of the original perovskite lattice (yellow curve). This observation confirms a reduction of the Mn oxidation state via electro-thermal migration of oxygen vacancies towards the LSMO contact area during the application of positive voltage pulses. After the perovskite structure is re-established by negative voltage pulses (blue curve), the oxidation state of Mn ions is also restored. The pre-peak of the O K edge is further reduced for the perovskite structure 3 with enhanced out-of-plane lattice spacing (third phase, pink curve). The concentration of oxygen vacancies in the third phase is thus higher than that of the oxygen-deficient brownmillerite phase. The conclusions on oxygen vacancy concentration are further supported by a comparison of the Mn white line L3/L2 peak ratio (Supplementary Figure 3b) . Since an increase of the L3/L2 peak ratio implies a lowering of the Mn oxidation state [1] [2] [3] , the concentration of oxygen vacancies grows in the following order: perovskite lattice  brownmillerite structure  third phase. Migration of oxygen vacancies between the LSMO film and Nb-doped STO substrate was also inspected by STEM-EELS. [4] . From these measurements, we conclude that oxygen vacancies are created in LSMO and STO during the first switching events. After this initial stage, back-and-forth switching between low-and high resistance states weakly modulates the oxygen vacancy concentration in the STO substrate, as illustrated by the STEM-EELS spectra of Supplementary Figures 3e and 3f . In STO, the O K edge fine structure is slightly more pronounced and the Ti L2,3 edge appears at higher energy loss when the LSMO film has the brownmillerite structure. Thus, a high concentration of oxygen vacancies in LSMO (brownmillerite phase) corresponds to a reduced concentration of oxygen vacancies in STO and vice versa. To quantify this effect, we compare our data to EELS measurements on oxygen deficient SrTiO3- films [4] . In our spectra, the shift of the Ti L2,3 edge amounts to about 0.3 eV. Based on the spectra in Figure 1 
Supplementary Note 3. Stability of structural phases and resistance states
The stability of the different structural phases after resistive switching was monitored using in situ TEM.
Supplementary Figure 11 shows an example for the brownmillerite phase. In this experiment, the original perovskite phase is first transformed into the brownmillerite structure by a positive voltage pulse of Vp = +4.5 V. As a result, the resistance increases. The resistance and lattice structure are subsequently monitored at a small measurement voltage of Vm = 0.2 V. The resistance remains constant for 155 minutes (Supplementary Figure 11a) , after which it increases due to an abrupt disconnect between the metal tip and the LSMO film (see Supplementary Figure 11d ). The change in resistance is thus not caused by an instability of the brownmillerite phase but, rather, by an artefact in the in situ TEM measurement. The brownmillerite structure remains stable well beyond the duration of this experiment. In a separate test, a TEM specimen with brownmillerite LSMO film was stored for two months. STEM-HAADF imaging after two months did not reveal any relaxation into the original perovskite phase (Supplementary Figure   12) . The brownmillerite structure and accompanying high resistance state that are induced by combined effects of applied electric field and Joule heating are thus stable over time. The stability of the third phase was also assessed. Supplementary Figure 13 summarizes an experiment wherein the perovskite LSMO film is first transformed into a coexisting brownmillerite and third phase. STEM imaging of the same area after 10 days (Supplementary Figure 13d) reveals that the boundary between the two structural phases has only meandered a bit in favor of the brownmillerite structure. This observation suggests very slow re-ordering of oxygen vacancies near the phase boundary. Supplementary Figure 11 . a, Resistance versus time for a LSMO film with a brownmillerite structure.
In this experiment, the brownmillerite phase is first induced by a positive voltage pulse of Vp = +4.5 V and the resistance is subsequently monitored at a measurment voltage of Vm = 0.2 V. b-d, STEM images of the metal tip/LSMO contact area during several stages of the experiment.
